Calcium-doped BaTiO3-based dielectrics have a high resistance to reduction. This can be explained by taking the following three factors into account: 1) decrease in conduction electron density caused by acceptor Ca ions at the Ti site, 2) low freezing temperature of the equilibrium reaction by Ca ions at the Ti site, and 3) large enthalpy change in the reduction reaction by Ca ions at the Ba site. Fine-grained BaTiO3 ceramics can be prepared using the tetragonal BaTiO3 powder using ultra-fine starting BaTiO3 powder synthesized by hydrolysis method. The non-uniform distortion is caused in the grains during sintering, which is attributed to the surface tension and clamping stress from the thin grain boundary layer. This suppresses the tetragonality symmetry of the grains and provides the BaTiO3 ceramics with a high dielectric constant, low loss, and flat capacitance temperature characteristics. The Ca-doped ultra-thin dielectric layer compatible with nickel electrode can realize the nickel electrode multilayer capacitors of large capacitance and large volumetric efficiency, which is competitive with the Ta and Al-electrolytic capacitors and as reliable as conventional precious metal electrode multilayer capacitors.
Introduction
To utilize the base metal electrode for multilayer ceramic capacitors (MLCs), sintering must be carried out under low oxygen pressure conditions. Conventional dielectrics, however, have poor insulation resistance due to the oxygen dissociation, or sometimes they can not sinter well because of the decomposition by vaporization of the dopant such as Sn02, Bi203 and PbO, vapor pressure of which are easily reduced to the metallic state`).
Extensive research works have been down with modification of the compositions and firing conditions, to prevent the BaTi03 based dielectrics from reduction under the reducing atmosphere 2-12). Herbert accomplished a leading research on the BaTiO3 dielectrics resistant to reduction in 19632). He prepared the ceramic compositions comprised of BaTi03 containing Mn02 from 1 to 70 mot . %. The suitable Mn02 content was estimated to be less than 20mol.% to give BaTi03 an enough resistance to reduction in a reducing atmosphere. Bum et al . obtained high dielectric constant ceramics in the system BaTi03-CaZrO3 doped with 0.5 mol.% MnO2, which can be fired with Ni internal electrodes in CO-CO2 atmosphere. The best properties were obtained for the dielectrics sintered in atmospheres grains between electrodes are desired to promote high reliability. However, the dielectric properties of the BaTiO3-base dielectrics are also seriously dependent on the grain size To establish the ultra-thin dielectrics compatible with nickel electrode, the preparation of the fine and highly crystallized BaTi03 powder and the selection of suitable dopant to control the grain growth are important and valuable subjects not only for the dielectric engineering aspect but also for a scientific interest. Objective of this study is to obtain the non-reducible BaTi03 ceramics and apply them to dielectrics for the nickel electrode multilayer ceramic capacitors. content. It increased slightly, reaching a maximum at 8 at.% of Ca, and then decreased. The second phase transition temperature from tetragonal to orthorhombic decreased monotonically with increasing Ca concentration. However, the phase transition temperature of the {(Ba1-xCax)O}1 .010 Ti02 ceramics showed unique curves as can be seen in Fig. 4 .
The first transition temperature decreased slightly until at 2 at.% of Ca and then increased, reaching a maximum at 12
at.% of Ca. The second phase transition temperature increased reaching a maximum at 1 at.% of Ca, then decreased as same rate as seen in the { (Ba1-xCax)O}0 .99TiO2 ceramics. These anomalous were more clearly observed in the samples fired in a reducing atmosphere.
In the present { (Ba1-xCax)O } 1.010Ti02 ceramics, the c-axis decreased and the a-axis increased with Ca-doping up to 2 at.%. The unit cell volume derived from XRD data was plotted in Fig. 5 . The volume increased obviously with Cadoping to the Ba-rich BaTi03 ceramics. The Ca content giving the maximum lattice unit volume slightly increased with the molar ratio m. Tetragonality also has a large dependence on the Ca content and the molar ratio m. With increasing the Ca content, tetragonality decreased when the molar ratio was larger than unity. Fig. 6 compares the conductivity isotherms for {(Ba0.85Ca0 .15)O}1.1.01TiO2 ceramics with the undoped BaTi03 ceramics, as a function of P(02). Each isotherm curve is composed of two straight lines of ceramics and undoped BaTi03 ceramics measured in n-type region of the conductivity isotherm. 3 Structure and electrical properties of rare-earth oxide-doped BaTiO3 ceramics As described in the above section, Ca and Mg-doped BaTiO3 ceramics were found to have high resistance to reduction during firing in a low P(02) atmosphere. However, the X7R dielectric composed of a mixture of binary compounds such as BaTiO3, CaTiO3 and CaZrO3 showed gradual degradation of insulation resistance at load-life test at high temperature. Study on new X7R dielectrics modified with rare-earth-oxide is necessitated in order to overcome the problem in the reliability. It was expected that rare-earth ion at Ba site behave as donor ion compensating the hall carrier developed by excess acceptor ions. Several rareearth oxides-doped BaTiO3 ceramics were characterized in order to evaluate the reliability of the capacitors in terms of microstructure and leakage current. Current-field and current-time measurements were made to study the dielectric degradation mechanism. The solid solubility and distribution of the rare-earth oxides in BaTiO3 ceramics are discussed in conjunction with the electric properties and reliability of the capacitors. Dysprosium had a uniform distribution in the dielectric layer independent of Dy content. Fig. 9 is a TEM image and micro-spot analysis of 2.5 at.% Dy-doped BaTiO3. The so-called core-shell structure of the grain was observed. Dy existed in the shell regions, i.e., point's (1) to (4) , and grain boundary at point (3) in Fig. 9 . Typical ferroelectric domains were observed in the core regions, i.e., point's (5), (6) and (7), where Dy was not detected.
Isothermal current I vs applied DC field E were measured and shown in Figs. 10 which present log I vs log E relations. The log I vs log E curve for Dy and Sm in Fig. 10 is a straight line of slope 2 in accordance with space charge limited current. The curves for La-, Yb-doped and undoped samples have slopes of 4 to 5, i.e., the current increased more abruptly under high voltage stress. Fig. 11 shows the leakage with time for the dielectric under high voltage stress of 10kV/mm at 150 'C. The current for undoped, La-and Yb-doped dielectrics increased steeply within 5 min. Sm-doped In this study, Dy doping greatly prolonged the time to failure. We may conclude that the reliability of the dielectrics depended on the amphoteric character of Dy, which distributed homogeneously in the shell region, by occupying either the Ba or the Ti site depending on the formula conditions. Dysprosium ion at the Ba site creates a negatively charged Ba vacancy V"Ba. Barium vacancy V"Ba can trap oxygen vacancies, originated by impurities and dissociation of oxygen, which may give rise to create defect complexes (V",,, V",) in order to suppress the drift of V"o and oxygen ions under high voltage stress. Dysprosium ions at the Ti site act as acceptors, creating the same number of V**,. The reduction reaction is suppressed by this extrinsically created oxygen vacancies.
Preparation of the fine-grained BaTiO3 ceramics 4.1 Characterization of fine BaTiO3 powder
The tetragonal phase of BaTiO3 is the phase most likely to give a high dielectric constant, which is stable in temperature changes. Therefore, knowledge of particle size dependence of crystal symmetry and dielectric properties would be helpful for us to design the thinner dielectric layer with fine-grained BaTiO3 ceramics. It is well known that the crystallinity and electric properties of BaTiO3 have a the acceptor-doped dielectrics, which is attributable to the flexible ability of Dy to occupy either the Ba or Ti site, depending upon the conditions. Dysprosium ion at the Ba site is assumed to create defect complexes (V"Ba, V"0), which suppress the drift of V"0. Dysprosium ions at the Ti site may act as acceptors, creating the same number of V -o which suppresses the reduction reaction in the BaTiO3 ceramics. Fine-grained BaTiO3 ceramics can be prepared using the tetragonal BaTiO3 powder using ultra-fme starting BaTiO3 powder synthesized by hydrolysis method. The nonuniform distortion is caused in the grains during sintering, which is attributed to the surface tension and clamping stress from the thin grain boundary layer. This suppresses the tetragonality symmetry of the grains and provides the BaTiO3 ceramics with a high dielectric constant, low loss, and flat capacitance temperature characteristics.
The Ca-doped ultra-thin dielectric layer compatible with nickel electrode can realize the nickel electrode multilayer capacitors of large capacitance and large volumetric efficiency, which is competitive with the Ta and Alelectrolytic capacitors and as reliable as conventional precious metal electrode multilayer capacitors.
